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C arbon dioxide (CO 2 ) is the substrate for net photosynthetic carbon assimilation via the enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCo). Because of its variable availability, especially in aquatic environments, CO 2 is an important regulator of the growth and development of photosynthetic organisms. The green microalga Chlamydomonas reinhardtii responds to limitations in inorganic carbon (Ci; CO 2 and HCO 3 − ) supply by inducing a functional CO 2 -concentrating mechanism (CCM), which serves both to increase the photosynthetic rate and to suppress the wasteful oxygenation of ribulose-1,5-bisphosphate (1, 2) . The CCM uses active C i transport at both the plasma membrane and the chloroplast envelope (3, 4) to accumulate HCO 3 − within the chloroplast stroma. The details of microalgal Ci transport remain unclear, but accumulated stromal HCO 3 − is readily dehydrated by the thylakoid lumen carbonic anhydrase (CAH3) to release CO 2 for assimilation by RuBisCo (2, 5, 6) .
Although Ci transport and accumulation systems are critical elements of the microalgal CCM, specific C i transporters have yet to be identified. Three candidate Ci transporters identified in C. reinhardtii include LCIA, LCIB, and HLA3 (7) (8) (9) (10) (11) . LCIA [Nar1.2; protein ID 135648 (http://genome.jgi-psf.org/cgi-bin/ dispGeneModel?db=Chlre3&tid=135648); predicted molecular weight (MW), 34.8 kDa] is a limiting-CO 2 -induced chloroplast envelope protein of the formate-nitrite transporter protein family (7, 8) . Unlike other C. reinhardtii NAR1 family members, LCIA is considered a candidate Ci transporter, because its expression is regulated by CO 2 irrespective of the nitrogen source (8) and it is reported to confer HCO 3 − transport activity when expressed in Xenopus oocytes (12) .
The C. reinhardtii pmp1 mutant, originally characterized as deficient in Ci transport, grows well in both high-and very low-CO 2 conditions while dying only in low (air-level)-CO 2 conditions, indicating a deficient Ci transport or accumulation system only in low-CO 2 conditions (13, 14) . The defective gene in pmp1 and an allelic mutant ad1 was identified as the limiting-CO 2 -inducible gene, LCIB, which encodes a soluble plastid protein of unknown function (9) . LCIB [protein ID 161422 (http://genome. jgi-psf.org/cgi-bin/dispGeneModel?db=Chlre3&tid=161422); predicted MW, 48 kDa] was postulated to represent a component of a plastid envelope Ci transporter (9) , but more recently has been implicated in recapture of CO 2 inside the chloroplast (15) . The mutant phenotype of pmp1/ad1 distinguishes it from most other nonacclimating mutants and indicates the existence of at least 3 CO 2 concentration-dependent acclimation states, subsequently defined as high-CO 2 (H-CO 2 ) state (5%-0.5% CO 2 ), low-CO 2 (L-CO 2 ) state (air level; 0.4%-0.03% CO 2 ), and very low-CO 2 (VL-CO 2 ) state (0.01%-0.005% CO 2 ) (16).
HLA3 [CrMRP1; protein ID 134058 (http://genome.jgi-psf. org/cgi-bin/dispGeneModel?db=Chlre3&tid=134058); predicted MW, 119.7 kDa] is a limiting-CO 2 -induced member of the multidrug-resistance-related protein (MRP) subfamily of the ATPbinding cassette (ABC) transporter superfamily, best known in animals as drug efflux pumps, although plant MRP-type ABC transporters are involved in diverse transport processes (10, 11, 17, 18) . Seven putative MRP-type ABC transporters have been identified in C. reinhardtii (11) , but only CrMRP1 (HLA3) expression is controlled by CIA5, a master regulator of the limiting-CO 2 -induced CCM (10, 19, 20) . CrMRP1/HLA3 contains a fullsize ABC-MRP domain arrangement (10) , which argues for an ATP-dependent transport function during limiting-CO 2 acclimation, possibly HCO 3 − transport across the plasma membrane, because HLA3 is predicted to be targeted to the secretory pathway (WoLF PSORT; ref. 21 ).
Despite numerous screens for H-CO 2 -requiring C. reinhardtii mutants defective in Ci transport, the allelic LCIB mutants pmp1 and ad1 are the only mutants known to have any putative con-HCO 3 -t r a n s p O rt a n d p H OtO s y n t H e t i C Ci a f f i n i t y i n C . r e i n h a r d t i i 5991 nection to Ci transport (2) . Thus, we speculated that, as in cyanobacteria (22) , multiple Ci transport systems in C. reinhardtii may provide overlapping functions that complement one another, making identification of a single Ci transporter mutant by phenotype unlikely. We hypothesized that LCIB mutants are able to grow in VL-CO 2 because the lost function of LCIB in VL-CO 2 -acclimated C. reinhardtii is complemented by another Ci uptake system, possibly involving HLA3. To test this hypothesis, we used RNAi to knock down expression of HLA3; we predicted that even if knockdown of HLA3 mRNA alone were to produce no apparent phenotype, HLA3 mRNA knockdown in an LCIB mutant background might reveal complementary or overlapping functions between these 2 Ci uptake and accumulation candidates.
In this paper, we report marked knockdown of HLA3 mRNA levels with 2 distinct RNAi constructs. We also demonstrate the associated inability of HLA3 RNAi knockdown mutants, when combined with either LCIB mutations or simultaneous knockdown of LCIA mRNA, to grow in VL-CO 2 at pH 9, at which the predominant form of Ci is HCO 3 − . These results strongly support the hypothesis that HLA3 is directly or indirectly required for HCO 3 − transport. The data also provide additional evidence of the involvement of LCIB in chloroplast HCO 3 − accumulation and of LCIA in chloroplast HCO 3 − transport in C. reinhardtii.
Results
The Tandem Repeat RNAi Vector Decreases Expression of Both HLA3 and LCIA. Although intrinsic direct repeats are not used as often as inverted repeats for RNAi, like inverted repeats, they have been found to induce posttranscriptional gene silencing in tobacco (23) . To test the effectiveness of such tandem repeats (TRs) in C. reinhardtii, we transformed the TR-RNAi plasmid AphVIII-HLA3 TR (supporting information, Figure S1A ) into wild-type CC125 and pmp1, which has an air-dier phenotype resulting from a mutation in LCIB (9) . Of ≈200-250 paromomycin-resistant TR-RNAi transformants of each CC125 and pmp1, ≈1.5% showed a strong decrease in HLA3 mRNA abundance. Four CC125-TR-RNAi lines (CC125TR30, CC125TR33, CC125TR64, and CC125TR225) and 2 pmp1-TR-RNAi lines (pmp1TR29 and pmp1TR51) were selected for further analysis, along with additional transformants chosen as controls (CC125C55, CC125C80, pmp1C124, and pmp1C130). Unexpectedly, expression of another limiting-CO 2 -inducible gene, LCIA, also was markedly decreased in the CC125-TR-RNAi and pmp1-TR-RNAi knockdown lines, but not in the control lines ( Figure  1 ). For other limiting-CO 2 -inducible genes tested (LCIB, CCP1/2, CAH1, and LCI1), message abundance appeared to be unaffected (data not shown). We hypothesize that this apparent co-knockdown of LCIA mRNA results from moderate sequence similarity between LCIA and the HLA3 sequences used in TR-RNAi.
VL-CO 2 -Acclimated CC125-TR-RNAi Knockdown Lines
Have Severe Inhibition of Growth, Photosynthesis, and Ci Accumulation at High pH. The large decrease in HLA3 and LCIA expression in CC125-TR-RNAi lines CC125TR30, CC125TR33, CC125TR64, and CC125TR225 had no apparent effect on growth in VL-CO 2 at pH 6 or 7.3, but severely inhibited growth at pH 9 ( Figure 2A and Figure S2 ). The apparent photosynthetic Ci affinity of CC125TR30 and CC125TR64 also was unaffected at pH 6 ( Table S1 ), but that in 5 μM Ci was inhibited by 55%-70% at pH 7.3 and by 62%-87% at pH 9 ( Table 1) . Consistent with spot test and photosynthetic affinity results, internal Ci accumulation in CC125TR30 and CC125TR64 was inhibited only slightly at pH 7.3 but by 75%-85% at pH 9 in 50 μM Ci (Table 2) .
VL-CO 2 -Acclimated pmp1-TR-RNAi Knockdown Lines Require High CO 2 for Survival. All 200 selected pmp1-TR-RNAi transformants grew normally in H-CO 2 , none grew in L-CO 2 (consistent with the pmp1 air-dier phenotype), and 2 also could not grow in VL-CO 2 , in contrast with the parent pmp1 and the control pmp1-TR-RNAi lines ( Figure 2B ). The large decrease in HLA3 and LCIA expression in pmp1TR29 and pmp1TR51 resulted in dramatic decreases in photosynthetic Ci affinity at pH 7.3 and pH 9.0 (Table 1) , as well as marked inhibition of intracellular Ci accumulation (Table 2) , suggesting a very low capacity for HCO 3 − usage when both HLA3 expression and LCIA expression are suppressed. However, at odds with the lack of growth in the VL-CO 2 -acclimated pmp1-TR-RNAi strains ( Figure S2 ), no decrease in pho- tosynthetic Ci affinity was observed at pH 6.0 (Table S1 ). It also is noteworthy that a loss of the H-CO 2 growth requirement of pmp1TR51 over a period of months correlated with a recovery of both HLA3 and LCIA mRNA abundance (data not shown).
The IR-RNAi Vector Decreases Expression of HLA3
Alone. An inverted repeat (IR) RNAi vector (AphVIII-HLA3 IR) also was constructed using the HLA3 3′UTR sequence ( Figure S1B ). Of ≈100 paromomycin-resistant RNAi transformants of each cw10 and ad1, wall-less WT and LCIB-defective strains, respectively, ≈10% of the putative RNAi lines showed a strong decrease in HLA3 mRNA abundance. Among these, 2 cw10-IR-RNAi lines (cw10IR21 and cw10IR32) and 3 ad1-IR-RNAi transformants (ad1IR53, ad1IR311, and ad1IR312) were selected for further analysis, along with control transformant lines cw10C10, cw10C20, cw10C26, cw10C38, ad1C52, and ad1C100. Unlike the TR-RNAi vector, the IR-RNAi vector appeared to target knockdown of HLA3 specifically, because the mRNA abundance for all other analyzed limiting-Ci-inducible genes (LCIA, CAH1, CCP1/2, and LCI1) was not affected ( Figure S3B ).
VL-CO 2 -Acclimated cw10-IR-RNAi and ad1-IR-RNAi Knockdown Lines Have Only
Minor Photosynthetic Defects at Neutral pH. No significant growth differences at pH 6 or pH 7.3 were observed with any of the cw10-IR-RNAi and ad1-IR-RNAi lines based on spot tests and liquid growth analyses ( Figure S3A ; liquid growth data not shown), even though HLA3 mRNA abundance was almost undetectable ( Figure S3B ). The apparent photosynthetic Ci affinity of the cw10-IR-RNAi strains was unaffected at pH 6 and pH 7.3 (except for a 25% inhibition at 20 μM Ci and pH 7.3), and that of the ad1-IR-RNAi lines was unaffected at pH 6 but substantially inhibited at pH 7.3 (Table S2 ). These results are consistent with a high-pH-specific inhibition of photosynthesis by knockdown of HLA3 expression in the IR-RNAi lines. Wallless strains cw10 and ad1 were used to improve transformation efficiency; however, because of the fragility of the wall-less cells during silicone oil centrifugation, Ci uptake experiments yielded highly variable data and were considered unreliable.
Walled Progeny of cw10-IR-RNAi Lines Retain Knockdown of HLA3.
Northern blot analysis of selected paromomycin-resistant walled progeny (CC620IR21.1, CC620IR21.2, CC620IR32.1, and CC620IR32.2) from crosses between cw10-IR-RNAi lines cw10IR21 and cw10IR32 with walled WT strain CC620 and of paromomycin-resistant, air-dier, walled progeny (pmp1IR21.3 and pmp1IR21.4) from crosses between cw10IR21 with pmp1 demonstrated that paromomycin resistance was coinherited with knockdown of HLA3 mRNA abundance ( Figure 3 A and B) .
VL-CO 2 -Acclimated CC620-IR-RNAi Walled Progeny Exhibit
High-pH-Specific Growth Deficiency. Spot tests demonstrated no apparent growth inhibition of the CC620-IR-RNAi progeny in VL-CO 2 even at pH 9 ( Figure S4) ; however, some growth inhibition of CC620IR21.1 and CC620IR32.1 was observed at pH 9 Cells were acclimated to VL-CO 2 for 1 day, and O 2 evolution rates were determined in pH 7.3 and pH 9.0 at 5 μM (V5), 20 μM (V20), 50 μM (V50), and 4,000 μM (V4000) NaHCO 3 . Relative Ci affinity was calculated as ratios: P5 = V5/V4000, P20 = V20/v4000, P50 = V50/V4000. Chl was 25 μg/mL. in liquid medium (Figure 4 ). Consistent with this growth phenotype, both photosynthetic Ci affinity and internal Ci accumulation of VL-CO 2 -acclimated CC620IR21.1 and CC620IR32.1 were significantly inhibited at pH 9, at which HCO 3 − is the predominant Ci species (>99%), and even decreased slightly at pH 7.3 in 20 μM Ci (Tables 1 and 2 ).
VL-CO 2 -Acclimated pmp1-IR-RNAi Walled Progeny Exhibit
High-pH-Specific Growth Deficiency. Spot tests demonstrated no apparent growth inhibition of the pmp1-IR-RNAi progeny pmp1IR21.3 and pmp1IR21.4 in VL-CO 2 at pH 7.3, but indicated marked gowth inhibition at pH 9 ( Figure 5 ). Consistent with this high-pH-sensitive growth phenotype, both apparent photosynthetic Ci affinity and internal Ci accumulation of VL-CO 2 -acclimated pmp1IR21.3 and pmp1IR21.4 were markedly inhibited at both pH 7.3 and pH 9 (Tables 1 and 2 ).
Discussion
Reverse genetic approaches are technically challenging in C. reinhardtii, with the exception of RNAi (24) . The 2 quite different RNAi constructs used here were highly effective in minimizing HLA3 mRNA accumulation. The IR-RNAi construct, with transcriptionally linked antibiotic resistance and HLA3 sequences, yielded ≈10-fold more effective RNAi transformants than the TR-RNAi construct, with separately transcribed antibiotic resistance and HLA3 sequences. Although the specific HLA3 sequences and their arrangement (TR vs. IR) cannot be excluded, we can speculate that transcriptional linkage of HLA3 IR and antibiotic marker sequences increased knockdown efficiency by minimizing transcriptional silencing. In any case, both constructs successfully decreased the HLA3 mRNA abundance.
There are 2 major inferred pathways for chloroplast HCO 3 − accumulation: active HCO 3 − transport (at the plasma membrane and chloroplast envelope, possibly mediated by HLA3 and LCIA) and active CO 2 uptake (active plasma membrane and/ or chloroplast envelope transport or diffusion across the same membranes in response to active, internal depletion), combined with rapid CO 2 to HCO 3 − conversion in the alkaline stroma, possibly mediated by CAH6 and/or LCIB ( Figure 6 ). CAH3-catalyzed CO 2 release from accumulated HCO 3 − raises the CO 2 concentration around RuBisCo, which is localized primarily in the pyrenoid, an internal compartment within the stroma of algae. Because the equilibrium between CO 2 and its hydrated conjugate base, HCO 3 − , is pH-dependent (pK a = 6.37), total Ci concentration and pH changes can be used to alter relative and absolute CO 2 and HCO 3 − concentrations, providing insight into Ci utilization under various conditions.
RNAi knockdown of HLA3 mRNA was used to explore the role of HLA3 in the C. reinhardtii CCM. Specific HLA3 knockdown in wall-less cw10 and walled CC620 resulted in small decreases in growth and substantial decreases in photosynthetic Ci affinity and Ci uptake specifically at pH 9, although small decreases in photosynthesis and Ci uptake were observed even at pH 7.3, but not at pH 6. Because the CO 2 -HCO 3 − equilibrium shifts toward HCO 3 − at higher pH, the observed decrease in photosynthesis and Ci accumulation in HLA3 knockdown strains at only the lower Ci concentration of 20 μM at pH 7.3, but at both 20 μM and 50 μM Ci at pH 9, argues strongly that HLA3 knockdown causes a deficiency in HCO 3 − uptake. The equilibrium external CO 2 available for direct CO 2 uptake at pH 7.3 would be 5.9 μM at 50 μM Ci but only 2.4 μM at 20 μM Ci, whereas at pH 9, the equilibrium CO 2 would be only 0.12 μM CO 2 even at 50 μM Ci. Thus, we hypothesize that the CO 2 concentration threshold for a significant decrease in photosynthesis and Ci accumulation in the absence of HCO 3 − transport lies below 5.9 μM CO 2 , and that the decrease in photosynthesis and Ci accumulation below this CO 2 threshold demonstrates a defect in the cells' ability to use the more abundant HCO 3 − in the absence of substantial HLA3 expression.
These data from HLA3 knockdown in cw10 and CC620 alone argue that HLA3 plays a role in the transport of HCO 3 − , the predominant Ci form at alkaline pH. Support for this comes from combining an HLA3 knockdown with either a mutation in LCIB [which encodes a plastid protein required for normal Ci accumulation in L-CO 2 , either by trapping CO 2 released from accumulated stromal HCO 3 − or by facilitating active chloroplast uptake of CO 2 (9, 15) ] or the simultaneous knockdown in CC125 of LCIA, which encodes a plastid envelope protein reported to transport HCO 3 − (12). In either case, the combined defects result in dramatic decreases in growth, Ci uptake, and photosynthetic Ci affinity, especially at pH 9. Figure 6 illustrates how these putative Ci uptake and accumulation components might participate in the CCM.
Mutations in LCIB result in loss of growth and almost complete loss of Ci accumulation in L-CO 2 -acclimated cells, but have only minimal effects in VL-CO 2 -acclimated cells (9), demonstrating that an LCIB-independent Ci accumulation process masks the effect of LCIB loss in VL-CO 2 . Thus, the inability of VL-CO 2 -acclimated pmp1IR21.3 and pmp1IR21.4 to grow specifically at pH 9, together with the markedly decreased photosynthetic Ci affinity and Ci accumulation of the same cells at pH 9, provide compelling evidence that HLA3 knockdown effectively removes this LCIB-independent Ci accumulation mechanism specifically at alkaline pH, at which HCO 3 − is the dominant form of Ci. This conclusion is also supported by the decreased photosynthesis and Ci uptake observed in pmp1IR21. 3, pmp1IR21.4 , and ad1-IR-RNAi knockdowns at neutral pH, even though in spot tests, growth was not significantly affected at this pH.
The apparently highly specific cosuppression of HLA3 mRNA and LCIA mRNA levels by HLA3-TR-RNAi was unexpected, because the HLA3 sequence used was screened against the C. reinhardtii genome, and normally few mismatches are tolerated in effective RNAi (25) . The region of greatest homology with LCIA mRNA contained only about 70% matched nucleotides and no more than 6 perfectly matched sequential nucleotides in any 23-nucleotide stretch. However, with this TR-RNAi construct, severely decreased LCIA mRNA abundance was always associated with HLA3 mRNA knockdown, including the mRNA level recovery for both genes as pmp1TR51 lost its phenotype, providing compelling evidence that in this specific case, this homology level is sufficient to support "off-target" destruction of LCIA mRNA.
The off-target, simultaneous knockdown of LCIA expression along with HLA3 by TR-RNAi in CC125 revealed a needed function of HLA3 by removing an apparent LCIA-dependent Ci accumulation process. LCIA, a limiting-CO 2 -inducible NAR1 family member in C. reinhardtii, is a predicted chloroplast inner envelope protein (8) that reportedly transports HCO 3 − when expressed in Xenopus oocytes (12) . CC125-TR-RNAi lines demonstrated no growth inhibition at pH 6 or pH 7.3, but exhibited dramatically decreased cell growth, photosynthesis, and Ci uptake at pH 9. Because walled progeny of cw10-IR-RNAi (CC620IR21.1 and CC620IR32.1) acclimated better than the CC125-TR-RNAi strains, it is clear that LCIA can partially compensate for the loss of HLA3 function in VL-CO 2 -acclimated cells, at least at high pH. We have no direct evidence for the phenotype of an LCIA knockdown alone, but the high pH-sensitive phenotype of the LCIA and HLA3 coknockdown in CC125 argues strongly that LCIA and HLA3 are key synergistic or complementary components of a Ci transport pathway (Figure 6 ).
Combining the HLA3 knockdown with both the off-target LCIA knockdown and an LCIB mutation provided further insight into and confirmation of the overlapping functions of HLA3, LCIA, and LCIB. The inability of these strains to grow in VL-CO 2 at any pH tested, together with their markedly decreased photosynthetic Ci affinity and Ci uptake at pH 7.3 and pH 9, indicates that at least 1 of the 3 putative Ci uptake and accumulation systems also plays an important role in Ci accumulation at acidic pH in VL-CO 2 . With functional expression of HLA3, LCIA, and LCIB either compromised or defective in pmp1-TR-RNAi lines, their Ci uptake and photosynthetic affinity at neutral or alkaline pH decreased to the levels of the nonacclimating mutant cia5 (Tables 1  and 2 ), in which most limiting-CO 2 -inducible genes are not expressed (20) . LCIB is located in the chloroplast stroma (15) and is required for Ci accumulation specifically in L-CO 2 conditions (9), but this does not preclude it from serving a redundant or overlapping function with other Ci accumulation processes in the VL-CO 2 acclimation state (15) . LCIA also is apparently located in the plastid envelope, so the combination of an LCIB mutation and LCIA knockdown might explain the observed extreme phenotype in VL-CO 2 if the Ci uptake and accumulation systems associated with these 2 proteins together represent the bulk of Ci uptake and accumulation in the plastid.
Although not demonstrated physically, HLA3 is predicted to be located in the plasma membrane (WoLF PSORT; ref. 21) , and the pH-dependence of the HLA3 knockdown phenotypes argues strongly for a plasma membrane localization. The cytosolic pH of C. reinhardtii is relatively stable to external pH changes over its optimal growth range of pH 5.5-8.5 (26, 27) , so the observed high-pH-dependent decrease in Ci affinity of HLA3 knockdown strains indirectly argues for the plasma membrane as the probable location of HLA3.
The differential responses of the CC125 and pmp1 strains to TR-RNAi-mediated cosilencing of HLA3 and LCIA, together with the clear differential responses of the CC620 and pmp1 strains to IR-RNAi-induced knockdown of HLA3 alone, support the hypothesis that multiple limiting-CO 2 -induced and/or activated Ci uptake and accumulation systems function in C. reinhardtii. HLA3-dependent, LCIA-dependent, and LCIB-dependent Ci uptake and/or accumulation systems appear to act at least partially in overlapping, complementary functions. It is reasonable to expect multiple Ci transport systems in C. reinhardtii, because at least 4 distinct Ci uptake systems are known in cyanobacteria, which have a functionally similar CCM (22) . In cyanobacteria, mutation of only a single Ci uptake system has little phenotypic effect, because of compensation by overlapping Ci uptake systems. A similar phenomenon might explain the minimal phenotypic effect of HLA3 knockdown alone, as well as the increased phenotypic impact of HLA3 and LCIA cosuppression or of HLA3 and LCIA cosuppression in an LCIB mutant background.
In summary, the knockdown of HLA3 expression reported here demonstrates that the HLA3 gene product is required to provide sufficient Ci uptake and/or accumulation to sustain an active CCM for optimal photosynthesis at high pH in limiting-CO 2 environments. The function of HLA3 is masked somewhat by other Ci uptake systems, including LCIA, a putative chloroplast HCO 3 − transporter, and LCIB, a chloroplast protein required for effective Ci accumulation in the L-CO 2 acclimation state. To the best of our knowledge, this is the first clear link of a probable plasma membrane protein to Ci uptake function in a eukaryotic microalga. Whether HLA3 is directly involved in HCO 3 − transport or indirectly facilitates the activity of other HCO 3 − transporters remains unclear, but the data presented here strongly argue for the involvement of HLA3 in HCO 3 − transport, either directly or indirectly, at the plasma membrane of C. reinhardtii.
Materials and Methods
C. reinhardtii Strains and Growth Conditions. C. reinhardtii strains CC849 (cw10 mt-) and wild-type CC125 were obtained from the Chlamydomonas Stock Center, Duke University. The allelic LCIB-defective mutants pmp1 and ad1 have been described previously, as have media and growth conditions for C. reinhardtii strains (9, 13).
RNAi Vector Construction, Transformation, and Selection. A 540-bp fragment of the 3′UTR of HLA3 was cloned in forward and reverse orientations into pSI103 vector (ref. 28 ; for details, see SI Appendix 1) to construct the IR RNAi vector AphVIII-HLA3 IR ( Figure S1B ). The TR RNAi plasmid Aph-VIII-HLA3 TR was constructed by PCR-amplification of a 120-bp fragment of HLA3 exon 6 and then ligation of 4 such TRs into pGenD-Ble (ref. 29 ; for details, see SI Appendix 1). Glass bead transformations were performed as described previously (14) .
Spot Tests, Photosynthetic O 2 Exchange, and Ci Uptake Measurements. Cells grown to logarithmic phase were serially diluted in minimal medium, spotted onto agar plates at a specified pH, and kept at H-CO 2 , L-CO 2 , and VL-CO 2 levels for 9 days. The plates were buffered with 25 mM MES-KOH for pH 6, with 25 mM MOPS-KOH for pH 7.3, and with 25 mM AMPSO-KOH for pH 9.0. Photosynthetic O 2 evolution was measured as described previously (9) . The Ci uptake by C. reinhardtii cells at pH 7.3 and pH 9.0 was estimated using the silicone oil filtration technique (30) . Cells were acclimated to VL-CO 2 for 1 day, and rates of O 2 evolution (μmol mg Chl1 h1) were determined in pH 6.0 MES-KOH buffer at 5 μM (V5), 50 μM (V50), and 4,000 μM (V4000) NaHCO 3 . Relative Ci affinity was calculated as ratios: P5 = V5/V4000; P50 = V50/V4000. Chl was 25 μg/mL. Cells were acclimated to VL-CO 2 for 1 day, and rates of O 2 evolution (μmol mg Chl -1 h -1 ) were determined in pH 6.0 MES-KOH and pH 7.3 MOPS-KOH buffers at 20 μM(V20), 50 μM(V50), and 4,000 μM(V4000) NaHCO 3 . Relative Ci affinity was calculated as ratios: P20 = V20/V4000; P50 = V50/V4000. Chl was 25 μg/mL.
